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ABSTRACT 
The aim of this thesis was to gain insight into the control of complex bimanual movements 
that are both fast and accurate. For this, skilled golf ball striking was used as a model in two 
experimental studies (I and III). The thesis also includes two methodological studies (II and 
IV), intended to assist in present and future investigation on bimanual movement control. 
Study I shows a common kinematic proximal-to-distal sequencing (PDS) pattern and speed-
summation effect in skilled golf players of both genders. Using a common PDS movement 
strategy in golf ball striking at various endpoint speeds appears beneficial from mechanical 
and control points of view and could serve the purpose of providing both high speed and 
accuracy. In Study II a general expression for mobility was derived, which can be applied for 
extending the theory of mobility to double-handed grasping and manipulation. Study III 
found that kinematic contributions to endpoint velocity at slow, medium and fast test 
conditions were provided by the same subset of possible joint rotations. However, the specific 
subset differed between levels of expertise. The inertial behavior of the linkage arms-hands-
club promoted movement parallel to and resisted movement orthogonal to the club path close 
to ball impact, at all endpoint speeds investigated. These findings extend previous knowledge 
regarding endpoint control in single-limb movements. Moreover, results regarding movement 
organization in Study I together with results in Study III regarding inertial behavior suggest 
the existence of limb configurations able to simultaneously exploit intersegmental dynamics 
and endpoint mobility in a proficient manner. To make the control of intersegmental 
dynamics in bimanual striking transparent, however, torques originating from segmental 
interactions should be determined. However, when hands are placed next to each other or are 
overlapping it becomes challenging to find placements for standard force sensors which allow 
separation of right and left hand forces without altering normal behavior. As partially 
explored in Study IV, pressure mapping of the right hand together with inverse dynamics 
calculations for the golf club can potentially provide an adequate solution. 
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1 INTRODUCTION 
With over 200 joints and 600 muscles within the human musculoskeletal system most motor 
tasks can be performed in multiple ways. However, each iteration must use one potential 
solution only. The need for a principle or control strategy is apparent. Experimental studies 
and computational models of voluntary upper limb movements have proposed that human 
motor behavior follow principles that mitigate the effects of several problems inherent in 
sensorimotor control, including signal delays and neural noise (Franklin and Wolpert, 2011). 
The experimental condition has traditionally involved a model of the upper limb as a planar 
three-link mechanism, even though more complex models can be found in recent studies 
about motor control of redundant mechanisms (Ambike and Schmiedeler, 2013). This thesis 
attempts to gain insight into the control of redundant mechanisms involving two upper limbs, 
using golf as model. This specific model differs from those of various single-limb tasks in the 
important aspect that the left and right upper limb manipulates the end-link through a 
bimanual grip. 
1.1 SENSORIMOTOR TRANSFORMATIONS AND REDUNDANCY 
Voluntary movements are under conscious control of the brain and organized around the 
performance of a purposeful task, whether it is to reach and lift a glass of water or to strike a 
golf ball. To control voluntary movement CNS uses a series of so-called sensorimotor 
transformations that convert incoming sensory information into motor commands (Kandel, 
2013). Variability in the inputs and outputs of these transformations and inaccuracies in their 
internal representation lead to errors and variability in movement (Franklin and Wolpert, 
2011) and underlie the decrease in movement accuracy with increasing speed (Woodworth, 
1899). To achieve skilled motor performance the nervous system generally engages both 
feedforward and corrective feedback circuitry. Negative effects of feedback delays are 
reduced through the use of predictive processes (Franklin and Wolpert, 2011; Kandel, 2013).  
The human musculoskeletal system is characterized by redundancy and as a consequence 
inverse transformations can generally not be uniquely specified. For example, the inverse 
kinematic transformation of a hand trajectory into joint angles can have many outputs based 
on the same input. However, humans are able to predict the effect of biomechanical factors 
and use these predictions to influence their control strategies in voluntary movements (Cos et 
al., 2011; Cos et al., 2012). Recent work suggests how biomechanical factors including 
interaction torques resulting from intersegmental dynamics (Dounskaia, 2005; Dounskaia et 
al., 2011; Sabes and Jordan, 1997; Sabes et al., 1998) and factors indirectly dependent on 
biomechanics such as variability and energetic costs (Harris and Wolpert, 1998; Jones et al., 
2002), influence control strategies and might explain movement patterns shown when 
coordinating multiple degrees of freedom (DOFs).  
 6 
1.2 INTERSEGMENTAL MOVEMENT 
In movements that involve multiple body segments, rotation is not only caused by the torque 
created by gravity and muscles crossing a particular joint, but also by interaction torque (INT) 
from the motion of adjacent body segments. As the result of a comparatively high inertia and 
muscular mass of proximal body segments, the mechanical influence of proximal movement 
on distal joints is much higher than the corresponding influence of distal joint motion on 
proximal joints (Dounskaia, 2010; Hirashima et al., 2003; Putnam, 1993). Therefore, 
proximal-to-distal utilization of INT characterizes skilled single-limb movements with the 
purpose of maximizing speed in a distally held object or segment (Hirashima et al., 2007). 
Typical for the kinematics of such tasks is that proximal segments initiate rotation before 
distal ones, and that proximal segments begin to slow down before the distal segments have 
reached peak angular velocity. For a well-organized PDS motion, increments or carry-over 
effects of rotational velocity (speed-summation) from the proximal to distal segments could 
be maximized (Putnam, 1993).  
An important aspect for minimizing endpoint variability is that a given torque or force can be 
more accurately generated by a stronger proximal muscle than a weaker distal one (Hamilton 
et al., 2004). Although proximal-to-distal sequencing (PDS) and proximal-to-distal utilization 
of INT primarily is associated with mechanical benefits when the speed requirement is high, 
such movement organization has also been found in skilled movement at relatively slow 
speeds. For example, in expert pianists (Furuya and Kinoshita, 2007) and in submaximal 
overarm throws performed by skilled baseball players (Hirashima et al., 2007). This is in 
agreement with findings reported in various reaching movements (Ambike and Schmiedeler, 
2013; Dounskaia et al., 2011; Galloway and Koshland, 2002; Goble et al., 2007). 
Traditionally, major theories on motor control have regarded mechanical interactions 
between linked segments as by-products of the control strategy. An alternative interpretation 
suggests that the nervous system purposefully exploits the biomechanical properties of the 
limbs for movement organization. Dounskaia (2005) proposed that CNS use a hierarchical 
strategy in which a leading joint creates a dynamic foundation for motion of the entire limb. 
According to this theory, acceleration at the leading joint is produced by reciprocal muscle 
activity in a similar manner as during single-joint movements. In contrast, INT produced by 
leading joint motion generates a powerful mechanical effect on motion at other subordinate 
joints. The role of the subordinate joint musculature is to monitor the INT effect and to 
generate net torque (NET) that results in movement characteristics required by the task.  
For reasons outlined above, INT is primarily produced by a proximally located leading joint. 
However, the location of the leading joint is also dependent on the task. In tasks requiring 
substantially smaller range of motion at the proximal than the distal joint, the mechanical 
influence of the proximal joint would be minor, and as a result, the distal joint may be more 
appropriate for the leading role (Dounskaia, 2010). The leading joint hypothesis (LJH) has 
been tested predominantly in reaching tasks with one arm, thus the location of leading and 
subordinate joints has not been determined for manipulation tasks involving a closed chain of 
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linked segments. Future research may reveal whether the LJH can be expanded beyond the 
notion of a single joint as the leading component of limb motion. 
1.3 ENDPOINT CONTROL 
1.3.1 Endpoint contributions 
The kinematic contribution from each joint to the endpoint velocity of a multi-link structure 
is a function of joint velocity and configuration. Study of endpoint trajectory control in 
single-limb throwing and striking suggests that the difference in kinematic contribution from 
individual joint rotations can be extensive (Hirashima et al., 2007; Kim et al., 2009). In 
skilled overarm throwing the hand receives substantial contributions from some joint 
rotations and negligible contributions from others (Hirashima et al., 2007; Hirashima et al., 
2008). Moreover, results suggest that joint rotations responsible for substantial kinematic 
contributions were either individual DOFs at leading joints or at subordinate joints. In the 
case of subordinate joints, those DOFs able to exploit interaction torques efficiently were 
major contributors (Hirashima et al., 2003; Hirashima et al., 2007; Kim et al., 2009). The 
study of throwing (Hirashima et al., 2007) also show that a single subset of DOFs may be 
employed among submaximal and maximal endpoint speeds.  
1.3.2 Endpoint mobility 
The possibility of modulating the inertia (and mobility), stiffness and damping of the 
endpoint/end-link is a feature of redundant manipulators such as the human arm (Hogan, 
1984; Hogan, 1985). Modulation of stiffness and damping is made possible by co-activation 
of antagonists. Endpoint mobility represents the inertial behavior of the manipulator, and is 
the inverse of the inertia tensor for the endpoint (Hogan, 1985). The concept of mobility may 
reveal strategies of the motor control system in manipulation tasks. Redundant mechanisms 
such as the human arm can be configured in many different ways while performing the same 
task. The concept of mobility quantifies the degree to which a certain configuration promotes 
movement in certain directions, and resists (unwanted) movements in other directions. As 
Cos et al. (2012) pointed out, “…the directions of maximal mobility/admittance may be 
viewed as valleys in a dynamic landscape that facilitate end-point stability perpendicular to 
movement direction and, as more control constraints are applied, the reduction of end-point 
variability becomes more significant. Movements along the minor axis exhibit a larger 
variability because of the lack of mechanical stability along the perpendicular direction. In 
other words, it is equivalent to moving along a ridge in the dynamic landscape and, hence, is 
most sensitive to perpendicular perturbations”.  
A preference for maximal mobility parallel to hand path has been revealed while choosing 
between alternative reaching movements (Cos et al., 2011; Cos et al., 2012) and while 
reaching around obstacles (Sabes and Jordan, 1997; Sabes et al., 1998). Study of directional 
biases in a free-drawing task, however, suggests that the most preferred movement directions 
are those in which the need for active interference with INT is minimal (Dounskaia et al., 
2011). In that particular task, directions of minimal inertial resistance were approximately 
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perpendicular to the most preferred directions. This poses a question whether manipulation 
tasks organized according to LJH, is compatible with limb configurations promoting end-
point movement in wanted directions and resisting movement in other (unwanted) directions. 
Moreover, a derivation of the expression for mobility in two-arm manipulation has not been 
presented thus far. Accordingly, there is a need to extend the theory of mobility to bimanual 
grasping and manipulation. 
 
2 AIMS 
The overall aim of this thesis was to gain insight into the control of redundant mechanisms 
involving two upper limbs manipulating a tool through a bimanual grip. 
The specific aims were: 
I. To determine whether: (1) the golf swing performed by skilled golfers was organized 
in a common proximal-to-distal sequencing pattern when hitting golf shots both to 
maximal and submaximal distances; (2) a speed-summation effect is present, in term 
of increments of the segmental angular speed from pelvis to upper torso and from 
upper torso to hand; and (3) the sequencing pattern and/or the speed-summation were 
affected by gender or level of expertise. 
II. To derive a general expression for mobility in double-handed manipulation.  
III. To determine whether: (1) endpoint mobility is controlled to promote movement of 
the endpoint along its trajectory, and resist (unwanted) movement in other directions; 
(2) endpoint velocity contributions at impact would be invariant among golf shots at 
different speeds; and (3) endpoint control were dependent upon skill level.  
IV. To explore and validate a partial method for force estimation at contact surfaces 
between the left and right hand in the bimanual grip as well as at contact surfaces 
between each hand and the golf club. 
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3 METHODS 
3.1 PARTICIPANTS 
Golf players with no self-reported recent injuries affecting their performance participated in 
Study I and Study III of this thesis (Table 1). Group 1 consisted of male professional players; 
groups 2 and 3 were composed by male and female amateurs ranked among the best in 
Sweden within their age category, respectively. In groups 4 and 5, male professional players 
and age matched male amateurs with an intermediate skill level participated. For application 
of the derived method in Study II, data from a single case (SC) in group 4 was used. 
Experiments in Study IV were performed by the test leader (thesis author). Written informed 
consent was obtained from parents or guardians of the players in case of underage, otherwise 
from the players themselves.  
 
Table 1 Characteristics of the participants. Values for each group are reported as mean ± SD. 
Study Group n Age (years) Height (m) Mass (kg) Hcp 
       I. 1  
2 
3  
11 ♂ 
21 ♂ 
13 ♀ 
28 ± 5 
17 ± 1 
16 ± 1 
1.82 ± 0.04 
1.81 ± 0.05 
1.68 ± 0.07 
83 ± 6 
74 ± 10 
59 ± 9 
NA 
0 ± 2 
-2 ± 2 
III. 4 
5  
10 ♂ 
10 ♂ 
29 ± 6 
30 ± 9 
1.81 ± 0.06 
1.83 ± 0.06 
80 ± 5 
77 ± 7 
NA 
21 ± 5 
 
3.2 APPARATUS 
3.2.1 Studies I and III 
Three-dimensional data were collected using a Polhemus Liberty electromagnetic tracking 
system (Polhemus Inc., Colchester, VT, USA), with sampling frequencies at 120 (Study III) 
and 240 Hz (Study I). According to the manufacturer, the static accuracy is 0.076 mm RMS 
for sensor position and 0.15° RMS for sensor orientation. Values for dynamic accuracy of 
0.71 mm RMS were reported by Nafis et al. (2006) for sensor positions at distances up to 
0.46 m from the transmitter. The system used in Study I and Study III was compared to an 
optoelectronic tracking system (8-camera ProReflex MCU1000 System, Qualisys AB, GBG, 
Sweden). In full-swing shots using a steel-shafted 5 iron, the Bland-Altman (Bland and 
Altman, 1986) mean difference for hand angular speed was 24 deg/s (limits of agreement: -
126, 174). The magnitude of this difference varied with angular speed, at minimum and 
maximum mean angular speeds the difference between the systems was 4 and 17 deg/s, 
respectively (Tinmark, Hellström and Halvorsen, unpublished data). 
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3.2.2 Study IV 
3.2.2.1 Optoelectronic tracking system 
An optoelectronic 3D motion capture system with twelve infrared cameras (Oqus 4 camera 
series, Qualisys AB, Gothenburg, Sweden) was used to collect trajectories of spherical retro-
reflective markers (12 mm diameter). The camera system was calibrated according to the 
manufacturer’s guide lines using a 0.375 m wand. The standard deviation of the reconstructed 
wand length was 0.32 mm within the measurement volume. 
3.2.2.2 Pressure distribution measurement system 
Pressure distribution data were collected with the capacitive sensor matrices Elastisens 
S2073_11 (226 x 56.5 mm) and Elastisens S2076 (113 x 113 mm) (Pliance-X System, Novel 
GmbH, Munich, Germany) attached around the circumference of a cylinder. The spatial 
resolution of the two sensor matrices were 0.5 sensors/cm2 (low resolution (LR) sensor) and 
2.0 sensors/cm2 (high resolution (HR) sensor) respectively. 
3.3 DATA ACQUISITION 
3.3.1 Study I 
Players first performed a warm-up session of approximately 10 minutes that involved golf 
shots to varying distances. Then, three sensors (23x28x15 mm, 9.1 g) were attached to each 
player at the following locations to monitor the motion of pelvis, torso and hand: the lumbo-
sacral joint (hereafter referred to as pelvis); (2) between the shoulders at the level of the third 
thoracic vertebra (torso); and (3) the dorsal part of the leading hand (hand). For each segment, 
the specific sensor placement was based on minimizing movement between sensors and 
underlying bone as well as the interference with the players´ regular motion. The pelvis and 
torso sensors were mounted on a harness and the hand sensor was secured with a golf glove. 
Location of marker clusters representing sensors is presented in Figure 1. To minimize metal 
interference the capture volume for the electromagnetic system was distanced from any 
structural metals, except the players’ steel golf shafts. 
The measurements started with a static trial, in which the players were required to stand in the 
anatomical position parallel to the shot direction. Then spatiotemporal data were collected 
under 5 different test conditions. Test conditions 1-3 consisted of partial shots with a wedge 
to targets at 3 discrete distances, 40, 55 and 70 m. The order was such that players had to hit 
the ball progressively farther for each shot. This procedure was repeated three times. Thus the 
players did not aim for the same target twice in a row, except when the ball landed closer to 
another target (target zone radius = 7.5 m). Such a trial was discarded and followed by a new 
trial to the same target. Test conditions 4-5 were 3 consecutive full-swing shots with a 5 iron 
and a driver, respectively, for maximal distance. Players used their own clubs. Type of wedge 
was chosen individually and governed by the criteria that it should be the most lofted club 
with which the participant repeatedly could hit farther than 70 m with a full-swing shot. 
Plastic cones or flags were used as targets for the partial shots. 
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The orientation of the right-handed orthogonal global coordinate system was such that the 
positive x-axis pointed parallel to the shot direction, the positive z-axis vertically upwards, 
and the positive y-axis forward from the right-handed golfer. The shots were performed from 
an artificial turf mat positioned next to the transmitter. The experimental set-up yielded a 
measurement space, in which the distance from transmitter to sensors ranged from 0.16 – 
1.41 m during recordings.  
3.3.2 Study III 
A warm-up session corresponding to that in Study I was first performed. Then seven sensors 
were attached at the following locations: (1) the lumbo-sacral joint (hereafter referred to as 
pelvis); (2) between the shoulders at the level of the third thoracic vertebra (torso); (3) 
posteriorly on the left humerus immediately proximal to the left elbow joint (left upper arm); 
(4) posteriorly on the right humerus immediately proximal to the right elbow joint (right 
upper arm) ; (5) the dorsal part of the left hand (left hand); (6) the dorsal part of the right hand 
(right hand) and (7) the proximal part of the club shaft – below the grip (club). The specific 
sensor placement was chosen by the same criteria as in Study I, that is, to minimize 
movement between sensors and underlying bone and to minimize interference with the 
players´ regular motion. The pelvis, torso and arm sensors were secured with a harness and 
the hand sensor was secured with a golf glove. In addition, arm and hand sensors were 
secured with double-sided adhesive tape. The shaft sensor was locked with a small plastic 
clamp. Following sensor attachment, players performed an additional 5 minutes of warm-up 
in order to habituate themselves to the sensors and harnesses. Then, a static trial and the 
digitization of 26 anatomical landmarks (virtual landmarks) were performed. Locations of 
virtual markers, calculated joint centers and marker clusters representing the sensors are 
presented in Figure 1. 
Spatiotemporal data were collected under 3 different test conditions. Test conditions 1-2 
consisted of partial shots with a wedge to targets at two discrete distances, 25 and 55 m. Test 
condition 3 consisted of full-swing shots in the same direction for maximal distance (>75 m). 
Test conditions 1-3 are hereafter referred to as slow, medium, and fast. Players hit the ball 
progressively farther for each shot. This procedure was repeated 3 times. Thus, the players 
did not aim for the same shot distance twice in a row, except when the ball landed closer to 
another target (target zone radius = 5 m). Such a trial was discarded and followed by a new 
trial to the same target. 
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Figure 1 A: Locations of marker clusters representing sensors at pelvis, torso, upper arm (UA) and hand. B: 
Locations of calculated joint centers and locations of virtual markers: acromion (ACR), insicura jugularis (IJ), 
processus xiphoideus (PX), C7, T8, ASIS, PSIS, lateral elbow (EL), medial elbow (EM), radial wrist (RW), 
ulnar wrist (UW), 2nd and 5th metacarpophalangeal joint (MPJ). C: Location of marker cluster representing club 
sensor and locations of virtual markers: top of club (TOC), club heel (CH), club toe bottom (CTB) and club toe 
top (CTT). For markers placed bilaterally, names/abbreviations are shown only for markers on the right side of 
the body. 
 
3.3.3 Study IV  
As a consequence of the multiplexing technology that sequentially scans the sensor elements, 
there is a trade-off between maximum scanning frequency and the number of active sensor 
elements (Lemerle et al., 2008). For our application a minimum scanning frequency of 140 
Hz was decided upon. Consequently, the number of sensor elements and the resulting sensor 
measurement area of the HR sensor (2.0 sensors/cm2) did not allow pressure-mapping of both 
hands simultaneously. Based on the assumption that tangential forces at the hand-handle 
interface are relatively small for the right hand throughout the golf swing compared to 
tangential forces for the left hand, we decided to perform all experimental tasks using the 
right hand only. A relevant amplitude and range of forces for the application to be tested must 
be defined. In this study pressure distribution data and internal force data for the right hand, 
when performing golf swings with a wedge at three different speeds, were used to plan two 
sets of experimental tasks. In the first set of tasks, a higher range of internal forces was 
replicated by raising and lowering an external weight of 3 kg using an instrumented cylinder 
(Figure 2). In the second set of tasks, a lower range of internal forces was replicated by 
raising and lowering an external weight of 1 kg. Grip pressure on the cylinder was then 
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regulated using external feedback to replicate the range of internal forces in medium and fast 
golf swings without changing the external weight. In addition to the dynamic trials (D) where 
the cylinder and external weight were raised and lowered repetitively, both sets of tasks also 
included static trials (S) where the instruction was to hold the cylinder and external weight as 
still as possible. To study the effect of altered tangential forces, both static trials (SG) and 
dynamic trials (DG) were repeated with ultrasonic gel applied to the right hand and sensor 
surface. All trials were performed with the right hand only; they were repeated three times 
and included three raising-lowering cycles. Pressure distribution and internal force data were 
displayed and monitored in real time during data collection. 
 
 
 
Figure 2 Cylinder with sensor matrix, retro-reflective markers, and external weight. 
 
3.4 MECHANICAL MODEL 
3.4.1 Study III 
The upper body was represented by 8 rigid body segments: pelvis, upper torso, upper arms, 
forearms and hands. Two bilateral open chains corresponding to the left and right arm 
described the kinematics of the body and the club. Each chain consisted of the upper arm, 
forearm, hand and club segments. Twenty-six digitized landmarks were used to define 
segment lengths, orientation of local coordinate frames and joint centers (Figure 1B and 1C). 
The model was constrained to 41 degrees of freedom (DOFs). The pelvis segment was 
defined to be the root segment of the kinematic chains, with 6 DOFs. The joint between the 
pelvis and torso was defined as a spherical joint with 3 DOFs and center of rotation at the 
middle of the asis-psis plane. Both arms had the same number of DOFs: 6 DOFs for the 
shoulder joints, 2 DOFs (flexion/extension and pronation/supination) for the elbow joints, and 
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2 DOFs for the wrist joints (flexion/extension and ulnar/radial deviation). Finally, the 
connection between the hand and club was described with 6 DOFs. 
The two open kinematic chains corresponding to the left and right arms both contained the 
club segment as the most distal segment. The same motion data of the club was used in the 
inverse kinematics calculations for both kinematic chains, but no hard constraint was 
enforced to make the computed movement of the "left" and "right" club exactly the same. 
3.4.2 Study IV 
A model of the instrumented cylinder (Fig. 2) containing a list of all cells in the sensor mat, 
their position in a local coordinate system, and their normal vector, was fitted to marker data 
by using point correspondence . The positions in 3D, with respect to the marker triad on the 
handle, of the center of six (LR sensor) and nine (HR sensor) cells were indicated with a 
pointer device. The normal force vector for each cell was computed by multiplying a radial 
unit vector (origin at the center of each cell) with pressure data and cell area. The resultant 
force was computed by adding all normal force vectors. To examine the validity of using 
motion capture and pressure sensitive sensors to estimate the resultant normal force, values 
computed by multiplying the combined mass of the cylinder and external weight by the 
acceleration and gravity were used as reference. Root mean square error (RMS error), 
coefficient of variation (CV) and angle between vectors (direction error) were utilized as 
measures of differences between the two sets of force values in each trial. Calculations were 
performed in Matlab (Version 7.14.0, The Mathworks, Inc., Natick, USA). 
 
 
Figure 3 Cross sectional view and side view of the first row in the 3D model for: (a) the cylinder with the low 
resolution sensor matrix; and (b) the cylinder with the high resolution sensor matrix. 
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3.5 DATA PROCESSING 
3.5.1 Study I 
The raw data were smoothed using a second-order, bidirectional, low-pass Butterworth filter 
with cut-off frequency set at 14 Hz, determined through residual analysis (Winter, 2005). Due 
to the non-planar nature of the golf-swing (Coleman and Anderson, 2007; Coleman and 
Rankin, 2005), the angular velocity for each segment was calculated from the finite 
difference of the rotation matrix expressing the orientation of the segment with respect to the 
laboratory reference frame in three-dimensional space (Kinzel et al., 1972). This vector is 
expressed in the laboratory frame and is independent of the choice of local segment frames. 
The magnitude of this vector is referred to as segment angular speed. Segment angular speeds 
for each player and test condition were represented by the mean of 3 successfully performed 
trials. The swing was divided into 2 phases defined by 3 events. The first event (start of 
backswing) was defined as the frame where the linear velocity of the hand sensor crossed a 
threshold value of -0.2 m/s in the global x-direction. The second event (top of backswing = 
start of downswing) was determined as the first occurrence of minimum angular speed for 
any of the 3 segments following start of backswing. The third event (end of downswing) was 
determined as the frame where the hand returned to the same global x-position as at start of 
backswing. To determine sequencing pattern, times for minimum and maximum (peak) 
segment angular speeds were analysed. Visual3D v.3.90 Beta and v.3.99 (C-Motion, Inc., 
Rockville, MD, USA) commercial software packages were used for all calculations of 
kinematic and temporal parameters. 
3.5.2 Studies II and III 
3.5.2.1 Endpoint contributions 
The state of the model is a set of joint angles collected in the vector q, and corresponding 
velocities ?̇?. The state was estimated from motion data using an extended Kalman filter 
(Anderson and Moore, 1979; Halvorsen et al., 2008). The state estimate (Kalman) filter 
paradigm makes it possible to improve the estimated movement of the body by utilizing 
knowledge of the error covariances of the motion capture data and knowledge of how fast 
changes occur in the different degrees of freedom. These assumptions are represented by the 
measurement noise- and process noise covariance matrices, respectively. For the current 
application we used knowledge of the typical peak acceleration of each DOF during the 
downswing phase to set the values for the diagonal elements of the process noise covariance 
matrix. The process noise was assumed to be independent for different DOFs, and hence 
diagonal. For the measurement noise we assumed the noise to be independent and have the 
same variance for each measured point coordinate. Thus, the measurement noise covariance 
was assumed to be a scalar variance parameter multiplying the identity matrix. One scalar 
tuning parameter remained, i.e., the measurement variance, which determines the smoothness 
of the estimated time series for the DOFs. This parameter was determined experimentally by 
comparing marker trajectories reconstructed from the model with marker trajectories obtained 
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by simple low-pass filtering of the original trajectory. A variance parameter corresponding 
approximately to low-pass filtering with a cut-off frequency of 15 Hz was chosen. Mean 
residual was used as measure of the differences between 3D marker coordinates predicted by 
the model and marker coordinates that were recorded. The mean residual for all trials and 
markers was 3.06 mm. Corresponding values for individual markers ranged between 0.53 
mm and 6.99 mm.  
The contribution from each joint angular velocity to the velocity of the endpoint (the 
clubhead) was calculated by differentiating the mapping from state vectors to the position of 
the endpoint, and using the chain-rule: 
                                                𝑝 = 𝑔(𝑞),                                                                     (1) 
                                               ?̇? = 𝐽(𝑞)?̇?.                                                                    (2) 
where 𝐽(𝑞) is the Jacobian of the kinematic model. At each sampled instance of time, the 
contribution from the angular velocity of a given degree of freedom was calculated assuming 
the rest of the joints in the kinematic model to be momentarily fixed, with zero angular 
velocity. The single remaining angular velocity gives a certain velocity at the endpoint. The 
sum of these endpoint velocities contributed by all the degrees of freedom provides the actual 
velocity of the endpoint. 
3.5.2.2 Endpoint mobility 
The endpoint mobility describes, in a sense, how easy it is to accelerate the endpoint in 
different directions, and is defined as the inverse of the inertia matrix of the end point. The 
mass matrix is in general neither isotropic nor constant. It depends on the configuration of the 
mechanism. For single-handed manipulation, the mobility matrix is calculated as: 
  𝑊(𝑞) = 𝐽(𝑞)𝑌(𝑞)𝐽𝑇(𝑞)              (3) 
where 𝑌(𝑞)  is the inverse of the generalized inertia of the mechanism, i.e. the mobility 
matrix for the complete linkage. For double-handed manipulation the calculation involves 
inverting the apparent mass matrix of the end-point. The apparent masses of the two arms and 
the mass of the club are added for the case of a firm grip. The expression for mobility then 
becomes: 
         𝑊(𝑞) =  (𝑀(𝑞)  + 𝑀0)−1  =  ((𝐽𝐿𝑌𝐿(𝑞)𝐽𝐿𝑇)−1 + (𝐽𝑅𝑌𝑅(𝑞)𝐽𝑅𝑇)−1 + 𝑀0)−1         (4) 
where 𝑀(𝑞) refers to the apparent mass of the two arms and M0 to the inertial matrix of the 
golf club. Subscripts L and R refer to the left and right arms, respectively. A detailed 
derivation of this expression is found in Study II. 
 Endpoint mobility was calculated for 2 endpoints and 3 different models. The first endpoint 
(midhands) was located between the hands at the center of the grip and the second endpoint 
(clubhead) was located in the middle of the clubhead. The 3 different models corresponded 
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to: (1) left arm and club; (2) right arm and club; and (3) left arm, right arm and club. The left 
and right arm models contained the same DOFs used in calculations of endpoint velocity 
contributions. The connection between hand and club was assumed to be rigid. Virtual 
landmarks were used to define segment lengths, orientation of local coordinate frames and 
joint centers (Fig. 1b and 1c). Segment inertia parameters were obtained from de Leva 
(1996).  
Four endpoint mobility measures were derived: (1) degree of alignment; (2) eccentricity; (3) 
endpoint mobility along path; and (4) endpoint mobility normal to path. Degree of alignment 
is the 3D angle between the major axis of the mobility ellipsoid and endpoint path (the 
mobility ellipsoid is derived by calculating the eigenvalues and eigenvectors of the mobility 
matrix). Eccentricity is the relative separation of the first and second singular value of the 
mobility matrix: (σ1- σ2)/ σ1. For an ellipsoid collapsed to one dimension, this value is 1. For 
a completely round, or squeezed (round but flat) ellipsoid the value is 0.  
3.5.3 Study IV 
The normal force vector for each cell was computed by multiplying a radial unit vector 
(origin at the center of each cell) with pressure data and cell area. The resultant force was 
computed by adding all normal force vectors. To examine the validity of using motion 
capture and pressure sensitive sensors to estimate the resultant normal force, values computed 
by multiplying the combined mass of the cylinder and external weight by the acceleration and 
gravity were used as reference. Root mean square error (RMS error), coefficient of variation 
(CV) and angle between vectors (direction error) were utilized as measures of differences 
between the two sets of force values in each trial. Calculations were performed in Matlab 
(Version 7.14.0, The Mathworks, Inc., Natick, USA). 
3.6 STATISTICAL ANALYSIS 
3.6.1 Study I 
Statistics were calculated using SPSS 15.0 (SPSS, Inc., Chicago, IL, USA). Shapiro Wilk´s 
W test was applied to test normality in the distribution of data. Differences in time for 
minimum and maximum segment angular speeds, magnitudes of maximum segment angular 
speeds, and increments in maximum segment angular speed, were analyzed in separate 
repeated-measures ANOVAs with group as between-subjects factor, and test condition and 
body segment as within-subjects factors. To isolate differences in repeated-measures 
ANOVAs, pre-planned comparisons were conducted using paired t-tests with Bonferroni 
correction. Since data did not conform to the assumption of sphericity, p-values for the 
ANOVAs were Greenhouse-Geisser adjusted. Significance level for all tests was set at p < 
0.05. 
3.6.2 Study III 
Statistics were calculated using Statistica 12 (StatSoft Inc., USA). Differences in endpoint 
velocity contributions at estimated impact were analyzed in separate repeated-measures 
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ANOVAs with test condition as within-subject factor and group as between-subject factor. 
Repeated measures ANOVAs were also used for analyzing differences in alignment of the 
major axis of the mobility ellipsoid with the endpoint velocity vector, and for analyzing 
differences in the eccentricity of the mobility ellipsoid. Pair-wise comparisons were 
conducted using Tukey HSD tests.  In addition, pre-planned one-tailed t-tests were conducted 
to test whether the major axis of the mobility ellipsoid was better aligned with the endpoint 
velocity vector than the other two axes (3D angle less than 45°). Significance level was set at 
P < 0.05. 
3.6.3 Study IV 
Root mean square error (RMS error), coefficient of variation (CV) and angle between vectors 
(direction error) were utilized as measures of differences between the two sets of force values 
in each trial. 
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4 RESULTS AND DISCUSSION 
4.1 INTERSEGMENTAL MOVEMENT 
4.1.1 Temporal characteristics 
Results regarding temporal characteristics of pelvis and torso motion (Table 2) in full-swing 
shots are consistent with previous study of pelvis and upper torso motion, estimated by 
determining transverse plane rotations (Burden et al., 1998; Cheetham et al., 2001; Fujimoto-
Kanatani, 1995). The proximal-to-distal temporal order of torso and hand segments has not 
been reported earlier, but is consistent with findings regarding the order in which the shoulder 
and wrist joints attain maximum angular speed (Milburn, 1982; Zheng et al., 2008). Thus, the 
current results confirm that PDS is used by skilled golf players in full-swing shots. 
 
Table 2 Mean (± SD) times for minimum and maximum angular speed (% of downswing duration) 
for each of the 3 body segments and for each of the 5 test conditions. Values for all 3 groups are 
combined (n=45). 
  Body segment  
Variable & Test condition Pelvis Torso Hand 
Time for minimum speed    
40 m 0.8 ± 4.0a 4.3 ± 5.3 4.9 ± 4.0 
55 m 1.4 ± 4.9a 3.8 ± 4.0 4.7 ± 4.3 
70 m 1.3 ± 4.5a 3.6 ± 3.5 4.5 ± 3.6 
5iron 1.3 ± 4.8a 3.6 ± 3.9 4.6 ± 3.6 
Driver 1.4 ± 4.3a 4.3 ± 4.9 5.5 ± 3.8 
Time for maximum speed    
40 m 84.6 ± 13.3a 92.3 ± 10.3b 103.6 ± 3.8 
55 m 80.6 ± 8.8a 90.3 ± 10.0b 103.6 ± 3.4 
70 m 79.0 ± 9.6a 87.2 ± 9.9b 103.3 ± 3.7 
5iron 75.1 ± 8.3a 85.2 ± 12.2b 110.6 ± 13.0 
Driver 74.3 ± 7.7a 84.6 ± 10.5b 102.5 ± 2.8 
a Significantly different from torso and hand 
b Significantly different from hand  
 
The novel finding that PDS is present also in shots at relatively slow club speeds is consistent 
with previous study of single-limb tasks (Furuya and Kinoshita, 2007; Hirashima et al., 
2007). Hirashima et al. (2007) observed that skilled throwers use proximal trunk and shoulder 
muscles to create beneficial interaction torques for more distal joint rotations at both 
submaximal and maximal ball speeds. Ball speed regulation was explained by altered 
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proximal muscle torques and distal interaction torques, whereas no difference in distal muscle 
torques was present. These authors hypothesized that this strategy can be used to improve 
accuracy, referring to the finding by Hamilton et al. (2004) that a given torque or force can be 
more accurately generated by a stronger proximal muscle than a weaker distal one. This 
notion is in line with the movement organization shown in goal-directed reaching movements 
(Yamasaki et al., 2008), which can be explained by optimal control models that generate 
movements in a way that minimize endpoint variability (Harris and Wolpert, 1998; van Beers 
et al., 2004). A similar reasoning concerning the role of PDS in golf shots would require 
kinetic data, including inter-limb dynamics considering that golf is a bimanual striking task. 
However, the use of interaction torques for generating club speed was indicated by the 
present temporal relation, where the distal segment accelerated while the more proximal 
segment was decelerating, as well as by the proximal-to-distal increment in the magnitude of 
segment angular speeds (Figure 4 and 5). 
 
 
Figure 4 Group mean values (±SD) for maximum segment angular speed (deg/s) during the downswing for the 
pelvis, torso and hand segments in the male professionals (MP), male amateurs (MA) and female amateurs (FA) 
under the 5 different test conditions (cf. Methods). 
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Figure 5 Group mean values (±SD) for increment of maximum segment angular speed (deg/s) during the 
downswing for pelvis to torso (left) and from torso to hand (right) in the male professionals (MP), male amateurs 
(MA) and female amateurs (FA) under the 5 different test conditions (cf. Methods). 
 
In conclusion, the observed temporal relation of segment kinematics suggests a common PDS 
organization in both partial and full-swing shots for skilled golfers. The temporal relation and 
increment in segment angular speed indicate that the players utilized interaction torques in a 
proximal-to-distal manner. To establish the locations of leading and subordinate joints – a 
method which allows separation of right and left hand forces without altering normal 
behavior is called for. Such a method was partially explored in Study IV. 
4.1.2 Separation of left and right hand forces 
Figures 6 and 7 show the RMS error, CV of the force magnitude and direction error values 
for the estimate of the resultant normal force. Sensor resolution has a large impact on both 
magnitude and direction of the measured normal force vector. The CV of the force magnitude 
for all trials combined was approximately 0.71 when using a capacitive sensor matrix with 
0.5 sensors/cm2, and 0.37 when using a capacitive sensor matrix with 2.0 sensors/cm2.  The 
corresponding direction errors were 35° and 15°, respectively. The results for all trials 
combined suggest that accuracy may be too low for most applications. However, lowering 
friction by using gel at the hand-handle interface improved the estimate of magnitude and 
direction of the resultant force vector substantially in the set of tasks using an external weight 
of 3 kg (Fig. 6). Here, the CV of the force magnitude was 0.25 and the direction error was 
10°. Applying gel had small or negligible effect in the set of tasks using an external weight of 
1 kg (Fig. 7). This indicates that a high ratio between normal and tangential forces is essential 
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for accuracy. A further test supporting the conclusion that tangential forces influence the 
estimation of the resultant normal force vector was performed. Repeating one static trial with 
only the left hand, the average length of the resultant normal force vector was not affected 
substantially but direction was reflected about the vertical plane (results not shown). 
 
  
Figure 6 Root mean square error, coefficient of variation, and direction error for the two sensors in four tasks: 
static (S); dynamic (D); static with gel (SG); and dynamic with gel (DG). 
 
The improved estimate of the resultant normal force vector when lowering the friction by 
applying gel to the hand-handle surfaces is consistent with findings reported by Lemerle et al. 
(2008). In addition to studying the effect of lowering friction by applying gel, they also 
investigated the effect of using known static vertical loads on sensor strips and sensor cells 
exposed to horizontal pulling forces. With vertical loads up to one-third of the normal forces, 
they reported a maximal error of 7% resulting from the tangential forces (Lemerle et al., 
2008). A limitation of the current study is that the actual tangential forces were not measured. 
Moreover, the tangential forces in the model application (golf swing) are not well known 
either. Consequently, only subjective judgments of the magnitude of these forces and the 
agreement between the laboratory setting and the real task can be made. Here, golf shots were 
performed by an elite golfer with and without gel applied to surfaces where fingers of the 
right hand are in contact with the cylinder, in order to do a qualitative assessment. Golf shots 
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with gel at the hand-handle interface for the right hand could be performed without notably 
altering the experience of normal behavior, suggesting that tangential forces are small in both 
cases. However, the magnitude of right hand tangential forces in the golf swing should be 
further investigated.  
In conclusion, results imply that a high ratio between normal and tangential forces in addition 
to a sensor matrix with high spatial resolution is required to obtain acceptable errors when 
estimating normal forces at the hand-handle interface when gripping a cylinder. Potentially, 
pressure mapping of the right hand together with inverse dynamics calculations for the golf 
club can provide an adequate solution to separate right and left hand forces either in the golf 
swing or similarly in other sport or tool applications. However, using the method presented in 
this study, a minimum CV of 0.25 and a minimum direction error of 10° should be expected. 
 
 
Figure 7 Root mean square error, coefficient of variation, and direction error for the two sensors in twelve tasks: 
static (S); dynamic (D); static with gel (SG); and dynamic with gel (DG). 75, 150, and 225 indicate internal force 
values [N] achieved by regulating grip pressure. 
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4.2 ENDPOINT CONTROL 
4.2.1 Endpoint contributions 
Consistent with findings in overarm throwing several joint rotations made negligible 
contributions to endpoint speed at impact (Hirashima et al., 2007). Statistical analysis to 
reveal DOFs involved in speed regulation was therefore limited to a subset of the 20 DOFs 
with the greatest contributions. These 20 DOFs were the same for both groups and explained 
96.7% of endpoint speed. For 16 of these 20 DOFs, repeated-measures ANOVAs showed a 
main effect of test condition on contributions to endpoint velocity (Fig. 8). The contributions 
from this subset of 16 DOFs explained 97 to 99% of the mean change in endpoint velocities 
between test conditions. 
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Figure 8 Mean contributions to endpoint linear velocity (m/s) for each of 20 DOFs and for each of 3 test 
conditions at estimated impact for both groups combined (n=20). ¹ Main effect of shot condition. ² Interaction 
between shot condition and group. 
 
Results regarding endpoint velocity contributions were equally valid for both advanced and 
intermediate players, apart from 4 joint rotations in the subset contributing to endpoint speed 
(Figure 3 and 4 in Study III). This exception may reflect the previously established fact that 
efficient exploitation of interaction torques is skill dependent. The differences in distal joint 
contributions are presumably associated with differences in co-contraction rather than in 
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segmental configuration. Hereafter, results common to both intermediate and advanced 
players are discussed. 
For the pelvis and torso, the highest contribution for both groups at estimated impact was 
provided by twist rotation. These results are compatible with those from studies of 
unconstrained overarm throws and horizontal arm swings (Hirashima et al., 2007; Kim et al., 
2009). Whereas pelvis and trunk velocities were lower compared to the most distal joints, 
clubhead velocity depends on the distance from the axis of rotation, therefore motion at the 
pelvis and trunk was amplified to a larger degree. Moreover, results for left shoulder 
flexion/extension and left wrist flexion/extension are consistent with those reported in 
horizontal arm swings performed with the non-dominant arm (Kim et al., 2009). However, 
Kim et al. (2009) reported that elbow extension was a major contributor to endpoint velocity 
whereas in the golf swing only negligible contributions from left elbow extension were 
found. Considering that the bilateral axis of the left elbow joint in golf has similar orientation 
with respect to endpoint path as in horizontal arm swings, substantial contributions from 
elbow extension to endpoint velocity could be expected. Presumably, keeping the left arm 
relatively straight throughout the golf swing facilitates ball contact and outweighs any 
potential endpoint velocity gains attainable by elbow extension. Among right arm (trailing 
arm) DOFs, shoulder internal/external rotation and wrist flexion/extension contributed the 
most at estimated impact. This is consistent with findings for right overarm throws at 
different speeds (Hirashima et al., 2007). As in the horizontal arm swing, however, elbow 
extension in overarm throws was found to be a major contributor to endpoint velocity at ball 
release. Although we found signs of small positive contributions to endpoint velocity from 
left elbow extension at estimated impact, only negative contributions from the corresponding 
right arm DOF were revealed. The orientation of the right elbow relative to clubhead path 
was changing throughout the movement and time series data show positive contributions 
from elbow extension in earlier stages of the downswing (Figure 5 & 6 in Study III). The 
negative contributions from elbow extension through impact could be a consequence of the 
asymmetry and mechanical coupling between the left and right arm, and potentially, 
contributions from elbow extension would differ if the golf swing was to be performed with 
the right arm only.  
In contrast to single-limb movements where endpoint velocity contribution and regulation 
previously have been studied, length of the endpoint path (Fig. 2) and shoulder range of 
motion (Neal et al., 1990), increase substantially with endpoint velocity. This might explain 
observations that torso twist contribution for both groups began at approximately 15%, 25%, 
and 35% of the downswing at the slow, medium and fast test conditions, respectively (top 
row, Figure 5 & 6 in Study III). The progressively later onset of torso twist contribution 
presumably reflects a spatial similarity. A similar pattern of progressively later onset was 
observed for the 3 shoulder rotations in the left chain of the model (middle row, Figure 5 & 6 
in Study III). 
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4.2.2 Endpoint mobility 
Previous results suggest that knowledge about the effect of potential limb configurations on 
inertial behavior in reaching (Cos et al., 2013), is acquired performing everyday tasks with 
similar movement constraints. Specific training would be expected to be necessary to acquire 
the corresponding proficiency in a striking task involving an implement. However, present 
results revealed no significant difference in endpoint mobility between the intermediate and 
advanced skill level, suggesting that knowledge about inertial behavior is acquired at an 
earlier stage of development. Configurations associated with an increase in degree of 
alignment between the major axis and path, higher eccentricity, and/or higher mobility along 
path could also be in conflict with the specific task goal. Therefore, regulation of endpoint 
mobility with skill level cannot be excluded for other similar tasks.   
Although mobility is a function solely of the configuration of the body and implement, and 
not of the velocities, maximizing endpoint velocity at estimated impact could put additional 
constraints on the movement (Putnam, 1993). Therefore, the possibility for prioritizing 
configurations that optimize mobility might be reduced compared to when aiming for a 
submaximal endpoint velocity.  Nevertheless, results showed that the major axis was better 
aligned with movement direction in the fast compared to the slow shot condition. However, 
the difference in magnitude was small and shot condition had no effect on eccentricity.  
Invariant endpoint mobility among different speeds is also indicated by the presented time 
series data. Time normalized graphs of endpoint mobility along and normal to path (Figure 
10) are equally representative for slow, medium and fast shot conditions. This result is 
somewhat surprising considering that an increase in endpoint velocity is associated with an 
increase in path length (Figure 9), a behavior that could influence the sequence of arm and 
club configurations. Possibly, invariant endpoint mobility is advantageous from a control 
point of view. However, the present results do not rule out the possibility that invariant 
endpoint mobility was an indirect effect of the CNS controlling some other factor influencing 
arm-club configuration. 
. 
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Figure 9 Mean endpoint mobility ellipses and mean endpoint movement paths for the fast test condition. Values 
for both groups are combined (n = 20). The upper row depicts ellipses and paths for the endpoint – grip center. 
The middle row depicts the corresponding variables for the endpoint – clubhead. Black ellipses are used for the 
model including both arms, red ellipses for the left arm model and green ellipses for the right arm model. 
Endpoint paths are grey before impact and dark grey after impact. Blue and magenta circles refer to top of 
backswing for slow and medium test conditions, respectively. The bottom row shows target direction. 
 
In agreement with the leading joint hypothesis, the cost of active regulation of interaction 
torques (with muscle torque) has been found to have a strong effect on movement choice in 
arm movements (Dounskaia et al., 2011; Goble et al., 2007). Results in Study I showed a 
proximal-to-distal sequencing pattern in skilled golf swings to submaximal and maximal 
distances. This temporal relation accompanied with proximal-to-distal increments in segment 
angular speed indicated efficiently exploited interaction torques. If this would be the case, 
configurations that minimize both active regulation of interaction torques and inertial 
resistance parallel to endpoint path could exist in bimanual strikes with an implement. Such 
coexistence has neither been revealed in drawing nor reaching. Dounskaia et al. (2011) 
showed that directions of minimal active interference with interaction torque were 
perpendicular to directions of minimal inertial resistance in free-stroke drawing. 
Perpendicular to directions of minimal active interference with interaction torque was also 
directions of maximal kinematic manipulability showing only a minor bias on movement 
choice (Dounskaia et al., 2011). Relatively large endpoint velocities suggest that kinematic 
manipulability might have a stronger influence on movement choice in bimanual striking. 
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Figure 10 Mean mobility along and normal to path for endpoints grip center and clubhead. Black color 
represents the arm model including both arms. Red and green color represents the left and right arm models, 
respectively. Dashed lines represent time series data for the grip center and continuous lines represent the 
corresponding data for the clubhead. Vertical annotation lines are located at: movement onset; end of backswing; 
and at estimated impact (time = 0). 
 
In summary, Study III adds support to the notion that intrinsic factors with anisotropy have 
strong influence on movement characteristics. The results suggest a deliberate strategy 
varying the length of endpoint path by changing the amount of rotation in proximally located 
joints, whilst keeping both arm-club configuration and inertial behavior of the endpoint 
approximately invariant among velocities at analogous endpoint positions and during the 
entire movement duration, respectively. This strategy was likely chosen to facilitate both 
endpoint velocity regulation (by the use of an invariant subset of joint rotations) as well as 
promoting spatial accuracy of the endpoint at ball impact. 
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5 FUTURE PERSPECTIVES 
The LJH has been tested predominantly in reaching tasks with one arm, thus leading and 
subordinate joints have not been identified for manipulation tasks involving a closed chain of 
linked segments. Future research on golf ball striking may reveal whether the LJH can be 
expanded beyond the notion of a single joint as the leading component of limb motion. 
Typically, the leading and subordinate joints are separated by contrasting the contribution of 
torque generated by active MUS and passive INT to NET. In order to make the control of 
intersegmental dynamics in bimanual striking transparent, the possibility of using pressure 
mapping of the right hand together with inverse dynamics calculations for the golf club 
should be further explored. An alternative could be to compare joint acceleration and joint 
acceleration induced by interaction torques only. Such analysis could also be supplemented 
with data on muscle activation patterns. 
This thesis shows how models including either one or two limbs compare, when studying 
endpoint control in skilled golf players that perform golf shots involving both arms. However, 
the study of skilled golf ball striking among one-armed golfers should provide further insight 
about unique adaptations to the control strategy that long-term training of either single-or 
double-handed manipulation might induce. Moreover, present results (Study III) suggest a 
deliberate strategy keeping endpoint mobility invariant among shot conditions. This could be 
further explored by manipulating the inertial parameters of the end-link. 
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